Nanocomposite high resistive soft magnetic materials Fe/SiO 2 ͑Fe volume fraction 50%͒ have been synthesized using a wet chemical reaction method. A series of metal-ceramic Fe/SiO 2 nanocomposite powder samples were obtained by annealing the precursor at temperatures from 400 to 900°C in the presence of a reducing agent. The compositions of the precursor and the successive heat-treated samples have been investigated by 57 Fe Mössbauer spectroscopy and x-ray diffraction, which revealed that the annealing process reduces nanosize granular ferrihydrite to ␣-Fe, and indicated that 800°C is the optimum annealing temperature.
I. INTRODUCTION
Nanocompositing has opened a new opportunity for developing novel soft magnetic materials. In a metallic magnet/ insulator nanocomposite, its electrical resistivity, which is the major concern at elevated frequencies, can be drastically increased, leading to significantly reduced eddy current losses. Meanwhile, the exchange coupling between neighboring magnetic nanoparticles can overcome the anisotropy and demagnetizing effect of individual particles, resulting in much better soft magnetic properties. Nanocomposite thin films with significantly improved soft magnetic properties have been developed based on the exchange coupling mechanism.
1,2 However, thin film technology cannot yield bulk products for which there is a large demand in highfrequency electronics industry. In light of fabricating bulk form metal/insulator magnetic nanocomposite systems, we have carried out a synthesis of Fe/SiO 2 nanocomposites and a study of their magnetic and structural properties using Mössbauer spectroscopy and x-ray diffraction.
There have been several Mössbauer investigations of Fe/SiO 2 nanocomposites, such as granular films fabricated by sputtering, 3-5 nanoparticulate powders by high-energy mechanical grinding, 6 and precipitated Fe nanocrystallites in SiO 2 by high-dose iron implantation into fused silica. 7 Giant magnetic coercivity has been observed in granular Fe/SiO 2 films 8 with the Fe volume fraction x v Ӷx p , where x p Ϸ60% is the percolation threshold above which Fe granules form a connecting network. But the hysteresis behavior of granular Fe/SiO 2 was found to depend sensitively on the preparation method and conditions. 9 Soft magnetic thin film samples of Fe/SiO 2 with x v Ͼx p have been produced and characterized by Mössbauer spectroscopy, and as x v decreases beyond x p ͑with disconnected metal network͒, the electrical resistivity increases drastically. 5 Mössbauer spectra showed that each nanoparticle in the mechanically milled Fe/SiO 2 samples consists of an ␣-Fe core with an amorphous Fe-Si shell. 6 Also, a method of reducing FeCl 3 in the SiO 2 gel matrix by in situ generation of H 2 has been used to produce Fe/SiO 2 nanocomposites, 10 and analyses showed that the nanoparticles contained Fe 2 O 3 in addition to ␣-Fe.
In this work, we report a combined Mössbauer effect and x-ray diffraction study of a series of nanocomposite Fe/SiO 2 samples with x v ϭ50% produced by a wet chemical reaction method. At the optimum annealing temperature of 800°C, all iron oxides are completely converted to magnetically ordered single-domain ␣-Fe nanocrystallites. Because this chemical reaction method may be easily scaled to quantity production, the resultant nanocomposite Fe/SiO 2 with pure ␣-Fe particles in the SiO 2 phase possesses three important properties of a good magnetic material for high-frequency applications: soft magnetic properties, high electrical resistivity, and a prospect of mass production.
II. EXPERIMENTAL METHODS
Fe/SiO 2 nanocomposites were synthesized using a wet chemical solution technique. 11 Solutions of Fe-and Sicontaining precursors were prepared separately in alcohol with controlled pH, reaction time, and temperature, to form precomposite precipitates in solution. The precipitated nanoparticle suspensions were dried in an oven to obtain a precomposite powder, which was then transferred to a hightemperature crucible in an environmental furnace. The precomposite powder was then thermochemically converted into a metal-ceramic Fe/SiO 2 nanocomposite powder in the presence of a reducing agent at temperatures from 400 to 900°C. The nanocomposites were passivated in an oil to prevent oxidation. The oil was finally washed away by an organic solvent. isolation interface ͑APD Cryogenics͒. X-ray diffraction patterns were obtained by employing Cu K␣ radiation and a Philips x-ray diffractometer which was equipped with a single-crystal monochromator.
III. RESULTS AND DISCUSSION
Room temperature Mössbauer spectra of the nanocomposite precursor and six heat-treated samples are shown in Fig. 1 . The reduction temperatures during the heat treatment for samples A, B, C, D, E, and F were T R ϭ400, 500, 600, 700, 800, and 900°C, respectively.
The precursor spectrum can be fit by two doublets, a wider one with an isomer shift ͑IS͒ of 0.99 mm/s and a quadrupole splitting ͑QS͒ of 2.20 mm/s, and a narrower one with ISϭ0.37 mm/s and QSϭ0.98 mm/s. The hyperfine parameters of the wider doublet are characteristic of high-spin Fe 2ϩ in octahedral oxygen coordination. 12 It arises most likely from the nanoparticle/SiO 2 interface, where Fe 2ϩ ion exists in an environment similar to that in Fe 2 SiO 4 . Conversion electron Mössbauer spectroscopy has detected this Fe 2ϩ doublet directly from the Fe/SiO 2 interfaces of 32 nm thick iron films which have been e-beam evaporated onto high purity fused silica sheets. 13 Analyses of transmission Möss-bauer spectra from granular Fe/SiO 2 films have also revealed this doublet component which was identified as Fe 2 SiO 4 .
4,9
The room-temperature spectrum from sample A shows that this Fe 2ϩ component has been eliminated, the narrower doublet remains, and two sextets become discernible. The sextet with hyperfine field Bϭ33.0 T and ISϭQSϭ0 is obviously from bcc ␣-Fe. The second sextet has relatively broad lines and can be fit with Bϭ47.7 T, ISϭ0.35 mm/s, and QSϭ0.05 mm/s. Low temperature Mössbauer spectra from this sample ͑Fig. 2͒ showed that this component becomes significantly larger at cryogenic temperatures and the doublet intensity is reduced. Fitting these spectra with known parameters from common oxides of iron ͑e.g., magnetite Fe 3 O 4 or hematite ␣-Fe 2 O 3 ) would not yield satisfactory results. Considering that, as the temperature decreases, the sextet grows at the expense of the doublet, we have identified both as from ferrihydrite, magnetically ordered ͑sextet͒ and superparamagnetic ͑doublet͒, respectively. This type of superimposed sextet/doublet spectrum with very similar hyperfine parameters has been observed recently in a Mössbauer study of nanoscale ferrihydrite particles impregnated on SiO 2 .
14 A much earlier Mössbauer study of natural ferrihydrite revealed a doublet ͑ISϭ0.50 mm/s, QSϭ0.72 mm/s͒ at room temperature and a sextet (Bϭ45.8 T, ISϭ0.63 mm/s, QSϭ0.03 mm/s͒ at 4.2 K. 15 Ferrihydrite has been the subject of many investigations and the focus of several review articles, 16, 17 because natural and synthetic ferrihydrites form spherically shaped particles of 2-7 nm with poor crystallinity and peculiar superparamagnetic behavior. Therefore, according to its Mössbauer spectrum, sample A contains both superparamagnetic and magnetically ordered ferrihydrite, with a small amount of ␣-Fe ͑see Table I͒. Room-temperature spectra from samples B through F all show a prominent ␣-Fe sextet, indicating the conversion from ferrihydrite to bcc ␣-Fe. components are eliminated in sample E, which had undergone the reduction by heat treatment at 800°C. As shown in Table I , 97.8% of the Fe atoms are in ␣-Fe nanocrystallites, and the remaining 2.2% contributes to a singlet near the center of the spectrum, which can be attributed to extremely small superparamagnetic Fe particles. Therefore, 800°C is the optimum reduction temperature at which all Fe 3ϩ and Fe 2ϩ ions in oxides and interfaces have been completely converted to pure ␣-Fe. At 900°C, a new sextet (Bϭ30.7 T, ISϷQSϷ0͒ starts to emerge, which can be attributed to an Fe-based Fe-Si alloy with a bcc structure. 9 The percentages of various spectral components in the seven samples are listed in Table I , assuming that all components have the same Debye-Waller factor and that the sample-thickness saturation effect is negligible.
X-ray diffraction patterns from sample A showed two broad peaks at 2.52 Å ͑2ϭ35.6°͒ and 1.47 Å ͑2ϭ63.0°͒, characteristic of the two-line ferrihydrite, 18 which confirms the Mössbauer spectral fitting. From sample C to sample E, the bcc ␣-Fe lines dominate the x-ray diffraction patterns, and the increasing intensity also corroborates the conclusion from the Mössbauer spectral analysis that conversion from ferrihydrite to ␣-Fe takes place as T R increases towards 800°C.
In this work, both Mössbauer effect and x-ray diffraction results have demonstrated that using this wet chemical reaction, bulk synthesis of high resistive soft magnetic Fe/SiO 2 nanocomposite with pure Fe particles in amorphous SiO 2 matrix can be achieved by appropriate heat treatment at 800°C. 
